Parallel biosensors for proteins are becoming more essential for the thorough and systematic investigation of complex biological processes. These tools also enable improved clinical diagnoses relative to single protein analyses due to their greater information content. If implemented correctly, affinity-based techniques can provide unique advantages in terms of sensitivity and flexibility. Aptamers are increasingly being used as the affinity reagents of choice for protein biosensing applications. Here, we describe the development and characterization of an aptamerbased method for parallel protein analyses that relies on recognition of the target protein by two unique aptamers targeting different epitopes on the protein. Our results show that the technique achieved simultaneous and quantitative detection of thrombin and platelet derived growth factor-BB (PDGF-BB) with high specificity both in buffered solutions and in serum samples.
Introduction
Improvements in clinical, laboratory, and biodefense applications rely on the continuing development of biosensing techniques for various biomolecules. In particular, considerable current work is focused on novel tools for parallel biosensors. While nucleic acid detection tools are relatively mature at this point, further evolution in the area of protein biosensing technologies, especially in a multiplex fashion, is required.
While classical parallel protein analytical techniques, such as two-dimensional gel electrophoresis followed by mass spectroscopy (2DE/MS) (O'Farrell 1975) , will continue to be valuable tools for discovery-oriented protein measurements, affinity-based techniques have emerged as popular approaches for the detection of single and focused sets of proteins (MacBeath 2002) . Antibody-based multiplex sensing assays have been developed in various planar and bead array formats and are becoming accepted methods for protein expression and interaction studies (MacBeath and Schreiber 2000; Schweitzer et al. 2002; ). However, the function of these arrays may be impaired by the high local concentrations of surface-bound antibodies and non-specific interactions between the substrate and the antibodies or analytes (Zichi et al. 2008) . Additional limitations of antibody-based proteomics methods, in general, include batch-to-batch variation in antibody quality and the cost of antibody generation and purification (Gloriam et al. 2009 ). Therefore, novel approaches are being sought that can complement or expand existing antibody-based techniques.
Aptamers are gaining popularity as alternative affinity reagents for biosensing applications (Breaker 2002; Hianik and Wang 2009; Lai et al. 2007 ; Lee et al. 2009; Lee et al. 2008; Navani and Li 2006; Swensen et al. 2009; Zuo et al. 2009 ). Aptamers are single-stranded nucleic acids that bind other molecules with high specificity and affinity (Ellington and Szostak 1990; Tuerk and Gold 1990) and may provide unique advantages for multiplex analytical applications (Bock et al. 2004; Collett et al. 2005; Zichi et al. 2008) . Aptamers are selected in vitro and in theory can be selected to bind almost any target with automated and high throughput techniques for aptamer selection having been demonstrated (Cox et al. 2002) . Furthermore, aptamers are nucleic acids rather than proteins and therefore can be easily synthesized commercially or enzymatically with high reproducibility and minimal batch-to-batch variation (Nimjee et al. 2005; Taussig et al. 2007) , which is valuable for the development of reproducible biosensors.
The majority of current aptamer-based biosensor designs are specific for a single analyte (Bang et al. 2005; Fischer et al. 2008; Fredriksson et al. 2002; Gronewold et al. 2009; He et al. 2009; Kim et al. 2009; Lee et al., 2009; Peng et al. 2009; Yao et al. 2009 ). While chipbased aptamer arrays for multiplexed protein measurements are currently in development both by academic and commercial groups (Bock et al. 2004; Cho et al. 2006; Collett et al. 2005; Hesselberth et al. 2003; Kirby et al. 2004; Seetharaman et al. 2001; Stadtherr et al. 2005) . Aptamer-based sensing combined with capillary electrophoresis has been used to measure four proteins simultaneously (Zhang et al. 2008) . Nonetheless, the development of additional solution-phase and bead-based assays is still valuable, as they can potentially be customized for specific sets of target proteins and may have sensitivity advantages over current techniques.
In this work, we describe proof-of-concept development of a solution-phase biosensor for multiplex protein measurements that relies on dual-aptamer analyte recognition. We have shown previously that the detection dynamic range based on aptamer conformational rearrangement can be limited ). We hypothesized that altering the sensing design to use increased aptamer concentrations, two specific recognition events, and an affinity-based separation would have improved sensitivity, specificity, and dynamic range compared to the structure-switching aptamer approach. Applying our new technique to measure the concentrations of thrombin and platelet-derived growth factor (PDGF-BB), we found a reproducible, linear dynamic response to analyte concentrations over a three order-of-magnitude range of concentration. For both proteins, accurate and reproducible measurements were obtained using multiple readouts in both buffered solutions and in complex mixtures.
Experimental

Proteins and Aptamer Sequences
Thrombin was purchased from Haematologic Technologies (Essex Junction, VT). PDGF-BB was purchased from R & D Systems (Minneapolis, MN). Haptoglobin, fibrinogen, Creactive protein and lysozyme were from Sigma Aldrich (St Louis, MO). The sequences for the thrombin sensing and capture aptamers were 5′-GATGTCCACGAGGTCTCTATTGCATTCGCACTTCCGATTTTTTCAGTCCGTGGTAG GGCAGGTTGGGGTGACTCGTACGCTGCAGGTCGAC-3′ (MB-T, 91 nt, italicized: MB sequence) and 5′-GTGACTACTGGTTGGTGAGGTTGGGTAGTCACAAATTTTTTTTTT-Bio-3′ (Bio-T), respectively. The sequences for the PDGF-BB sensing and capture aptamers were 5′-GATGTCCACGAGGTCTCTGCGGCATCAACAATCTCGAATTTTTTACTCAGGGCACT GCAAGCAATTGTGGTCCCAATGGGCTGAGTATCGTACGCTGCAGGTCGAC-3′ (MB-P, 106 nt, italicized: MB sequence) and 5′-TACTCAGGGCACTGCAAGCAATTGTGGTCCCAATGGGCTGAGTATTTTTT-Bio-3′ (Bio-P), respectively. Each of these aptamers was derived from sequences available in the literature (Fredriksson et al. 2007; Green et al. 1996; Macaya et al. 1995; Tasset et al. 1997) . Since PDGF-BB is a homodimeric protein, the same sequence can be used for the aptamer domain of both the capture and sensing aptamers, as each PDGF-BB molecule has two epitopes for aptamer recognition. Aptamer-protein affinities were measured by filter binding assays. Capture aptamers were synthesized with 3′-biotins spaced from the aptamer sequence by oligo(dT) sequences. Primer sequences specific for MB-T were 5′-ATTGCATTCGCACTTCCGAT-3′ (T5′p) and 5′-AGTCACCCCAACCTGCCCTA-3′ (T3′p). Primer sequences specific for MB-P were 5′-GCGGCATCAACAATCTCGAA-3′ (P5′p) and 5′-ATACTCAGCCCATTGGGACC-3′ (P3′p). Aptamer specific primers were used for single-protein and multiplex qPCR readouts. The 5′ and 3′ primers were chosen to be specific to the MBs and to the aptamer 3′ ends, respectively (Aptamer specific primers are labeled as dashed arrows in Fig. 1 ). Using the hybridization server on mfold (Zuker 2003) , both sets of template specific primers were confirmed not to cross-prime the other sensing aptamer template (data not shown). Universal primer sequences for both sensing aptamers were 5′-GATGTCCACGAGGTCTCT-3′ (U5′p) and 5′-GTCGACCTGCAGCGTACG-3′ (U3′p) (Universal primers are labeled as solid arrows in Fig.1 ). Universal primers were used for multiplex experiments using electrophoresis readouts. All oligonucleotides were synthesized and purified from Integrated DNA Technologies, Inc (Coralville, IA).
Dual aptamer sensing assays
Prior to use, aptamers were annealed at 95°C for 3 min and cooled to room temperature over a period of 30 min. Proteins and annealed aptamers were mixed in binding buffer (50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM MgCl 2 , 0.1% BSA, and 5 μg/ml poly(dI-dC)) in a total volume of 30 μL. Binding reactions were incubated at room temperature for 30 min followed by the addition of streptavidin coated magnetic beads (Dynal/Invitrogen, Oslo, Norway) for an additional 30 min at room temperature. A magnet was then applied to retain the beads, and the supernatant was removed. The beads were then washed three times with 100 μL of wash buffer (binding buffer plus 0.02% Tween 20). Retained sensing aptamers were eluted from the magnetic beads in 100 μL of water at 95°C for 5 min. Some or all of the recovered sensing aptamers were amplified by PCR.
Experiments determining the optimal concentration of thrombin or PDGF-BB sensing aptamer were performed in binding reactions with varying concentrations of sensing aptamer (5, 50, 250, 500, 1000 and 2500 nM) and 500 nM of capture aptamer in the presence and absence of 500 nM protein. After binding and separation as described above, sensing aptamers were eluted and amplified by qPCR. The metric for optimal sensing was ΔC t where ΔC t = (C t value in the absence of protein) -(C t value in the presence of protein). Higher ΔC t values indicate better recovery of sensing aptamers with minimal background.
PCR and qPCR
For electrophoresis readout experiments, eluted sensing aptamers were added with universal primers U5′p and U3′p at 500 nM each and amplified for 20 cycles with iQ Supermix (BioRad, Hercules, CA) in 50 μL reactions. The PCR program was 94°C for 45 s, 54°C for 45 s and 72°C for 1 min. PCR products were analyzed by electrophoresis (5 μL mixed with 2 μL of loading buffer and electrophoresed at 100 V for 1 hr in 10 % acrylamide gels). Gels were stained with SYBR Gold nucleic acid gel stain (Invitrogen, Carlsbad, CA) and visualized in a Molecular Imager ChemiDoc XRS System (Bio-Rad, Hercules, CA).
For qPCR readout experiments, primers specific for sensing aptamers (e.g. T5′p and T3′p for MB-T; P5′p and P3′p for MB-P) were added at 500 nM each and amplified for 40 cycles with iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) in 50 μL reactions using the same PCR program as above. Threshold cycle numbers (C t ) for deriving sensing aptamer qPCR standard curves were generated from PCRs containing MB-T or MB-P template serially diluted from 3 × 10 8 to 3000 or 300 initial template molecules. In all standard curves and the correlation analysis, error bars represent at least duplicate experiments with each experiment assayed twice by PCR (four total PCRs). Signal-to-noise ratio was calculated as the fold difference in signal obtained from the maximal signal relative to the background. For qPCR data, this is 2 raised to the power (C t value for background -C t value for maximal sensitive concentration)
Detection in bovine and human sera
Binding reactions were performed as described above except in undiluted fetal bovine serum (FBS) (GIBCO, Invitrogen, Carlsbad, CA) or human serum (Sigma, St. Louis, MO) with thrombin and PDGF-BB spiked in. After separation and elution, the recovered aptamers were amplified with sensing aptamer specific primers to derive C t values.
Results and Discussion
In developing aptamer-based biosensors, or any affinity-based biosensor, sensing of the analyte depends on the complex formation between the analyte and the detector molecule, in our case an aptamer. Because the formation of the 1-to-1 complex is an equilibrium process, the degree to which complex forms is controlled by the affinity (e.g., the K D ) of the interaction and the concentrations of the analyte and aptamer. For significant complex formation to occur, either the analyte or aptamer concentration must be in the range of or above the K D of the interaction. Thus, a critical decision must be made regarding the detecting aptamer concentration (Fig. S1) . Using an aptamer concentration below the analyte concentration (limiting aptamer), the dynamic range of the technique is limited, and the total signal recovered saturates at the limiting aptamer concentration (Fig. S1a and S1b) . In contrast, with aptamer in excess relative to analyte, both the dynamic range and total signal are maximized over the entire analyte concentration range (Fig. S1a and S1b).
That said, in techniques where the aptamers are labeled for detection, for instance by fluorescence, the feasibility of using excess aptamer is usually reduced by the presence of a high concentration of unbound aptamer whose signal masks that of the analyte-aptamer complexes. The dynamic range and sensitivity advantages of the excess aptamer design must then be weighed against the need for a stringent separation, wherein the aptamer-analyte complexes (the signal) are potentially less than 1% of the total aptamers present (the background) (Fig. S1 ). As discussed above, the necessary separation can be achieved by methods such as microarrays or electrophoresis (Stadtherr et al. 2005; Zhang et al. 2008) . Here, we describe a method where we have combined aptamer-based separation and aptamer-based detection, using excess aptamers, to design a parallel protein analytical technique ( Fig. 1) with specificity for the target protein and the potential for excellent sensitivity and broad dynamic range.
In our technique, one aptamer, termed the capture aptamer, is biotinylated to immobilize the protein onto streptavidin-coated magnetic beads, while the other aptamer, termed the sensing aptamer, is used for quantification of the protein concentration by PCR, microarray, or any other nucleic acid readout. Detection of the sensing aptamer rather than the protein directly leverages the simplicity of multiplex PCR (Chamberlain et al. 1988; Zangenberg G 1999) , through the incorporation of universal primer sequences on all sensing aptamers. The use of PCR also provides straightforward signal amplification, a unique advantage of nucleic acid analytical approaches (Schweitzer et al. 2002) . In addition, we have incorporated molecular barcodes (MBs) into our sensing aptamers which permits facile parallel detection of the sensing aptamers by sequence alone, as has been shown using oligonucleotide microarrays (Giaever et al. 2002; Shoemaker et al. 1996; Walton et al. 2006) . Readout of the concentration of the MB sequence then serves as an indirect readout of the concentration of the protein target. In this study, we demonstrate proof-of-concept use of our technique for multiplex detection of thrombin and PDGF-BB.
We first confirmed the fidelity of our sensing aptamers as qPCR templates using serial dilutions of sensing aptamers and template specific primers (similar results were obtained using universal primers) (Fig. S2) . PCR for both templates showed the expected log-linear response over at least a five order-of-magnitude dynamic range (Fig. S2) . Responses plateaued outside of the regions shown on the plot (data not shown). We then examined the quantitative response of sensing aptamer concentration relative to protein concentration. To identify the optimal conditions for protein sensing, ΔC t values (defined as the difference in C t value in the presence and absence of 500 nM protein) were measured at various sensing aptamer conditions for both proteins (Fig. S3) . Capture aptamer concentrations were fixed at 500 nM, which should bind 46% of the thrombin and 81% of PDGF-BB based on our measurement of the aptamer-protein affinities (Fig. S4 and Table S1 ). At varying sensing aptamer concentrations, binding reactions were set up, the beads were washed, and the retained sensing aptamers were eluted. C t values were derived experimentally, and ΔC t values were calculated for each protein. A maximum ΔC t of 16.1 was observed for thrombin at 250 nM sensing aptamer (MB-T) concentration. Similarly, a maximum ΔC t of 7.5 was observed at 50 nM sensing aptamer (MB-P) concentrations for PDGF-BB. In each case, higher concentrations of sensing aptamer resulted in higher non-specific retention of sensing aptamers in the absence of protein (Table S2) , while lower concentrations had reduced sensitivity in the presence of protein. The larger maximal ΔC t observed for thrombin versus PDGF-BB is a result of higher background using the PDGF-BB aptamers (Table S2 ).
The optimal concentrations derived above (as selected from the concentrations with the maximum ΔC t value) were then used to generate standard curves for single protein measurements (Fig. S5) . Serial dilutions of thrombin and PDGF-BB were added to binding reactions containing capture and sensing aptamers. After separation, the eluted sensing aptamers were quantified by qPCR. The technique showed sensitivity down to 1 nM protein concentration for thrombin and 10 nM for PDGF-BB. Sensitive detection extended over at least a two order-of-magnitude dynamic range. A linear dose response was observed over the sensing dynamic range, resulting in a maximal signal-to-noise ratio of ∼ 23000 (2 (25.4-10.9) ) for thrombin and ∼84 (2 (19.3-12.9) ) for PDGF-BB, an improvement over single aptamer approaches (Hu et al. 2009; Shlyahovsky et al. 2007; Wang et al. 2009a; Zhang et al. 2009) as well as over a related surface-based aptamer approach ). While maximizing dynamic range is valuable for any sensing technique, other factors, such as specificity for the analyte of interest, must be examined in technique development.
We then examined whether the concentration sensitivity would be maintained using the assay in multiplex format (Fig. 2) . After addition of either or both proteins, binding, and washing, sensing aptamers were eluted and amplified by multiplex PCR using the universal primers. PCR products were separated by electrophoresis and visualized. When thrombin was added alone, a band corresponding to the 91 bp MB-T amplification product was observed (Fig. 2, lane 2) . Likewise, when PDGF-BB was added alone, a band representing the 106 bp MB-P was observed (Fig. 2, lane 3) . Upon addition of both proteins, both bands appeared and band intensity increased dose-dependently with increasing protein concentrations (Fig. 2, lanes 4-6) . No signal was returned from either aptamer pair in the presence of haptoglobin, fibrinogen, C-reactive protein, or lysozyme, further demonstrating good specificity for detection of only the specific protein targets (Fig. 2, lanes 7-10) . Dose-response curves for multiplex detection of both proteins were derived with serial dilutions of both proteins ranging from 333 pM to 333 nM (Fig. 3) . Eluted sensing aptamers were quantified with qPCR using MB-T or MB-P specific primers. In the multiplex format, the detection limits were 333 pM for thrombin and 3.3 nM for PDGF-BB, respectively, essentially in agreement with the single protein measurements. In both cases, we expect technical improvements in binding, washing, and elution protocols could extend the dynamic range both higher and lower in concentration. That said, the current dynamic range exceeds that of a recently described fluorescence-based method by an order-of-magnitude (Wang et al. 2009b) , while the sensitivity approaches that of a capillary electrophoresis based technique (Zhang et al. 2008) .
Given that our initial multiplexing experiments were performed with both proteins at identical concentration in all tests, we examined the concentration sensitivity in the presence of high and low concentrations of the competing proteins (Figs. 4 and S6) . Serial dilutions of one protein were measured in multiplex in the presence and absence of 333 nM of the other protein. After separation, eluted aptamers were amplified by PCR and assayed by electrophoresis (Fig. 4) . In all cases and concentrations, the signal returned from each aptamer pair was essentially identical to that detected in the single-protein case (compare corresponding C t values from Figs. S5 and S6).
Standard curves were also derived in complex biological fluids, fetal bovine serum (FBS) and human serum (Fig. S7) . Results showed that both proteins can still be detected in undiluted serum at low nanomolar concentrations. It was important to confirm that the results in the complex environment agreed with the standard curves derived for the individual proteins in buffered solution (Fig. 5) . For thrombin, the multiplex data derived in buffer, FBS and human serum all agreed well with the singleplex data, showing that competition of the multiplex measurement did not impact the accuracy of our method (Fig.  5a ). For PDGF-BB, the majority of the data derived from multiplex measurements underestimates the PDGF-BB concentration by about two-fold as compared to the singleplex measurement (Fig. 5b ). This implies a greater effect of the binding environment on PDGF-BB detection as compared to thrombin, perhaps due to greater non-specific binding of the sensing aptamer. Nonetheless, the sensitivity and accuracy of concentration detection for the protein are largely maintained.
It could be argued that our method requires more processing as compared to other aptamerbased protein sensing methods (Zhang et al. 2008) . Moreover, detection with our technique does not provide the sensitivity of more traditional methods such as ELISA (Kajizuka et al. 2010) . However, we feel that our approach has potential utility that makes it worthwhile to continue optimization of the approach. In particular, our method is designed specifically for parallel analyses due to the requirement for multiple specific interactions, the affinity-based separation, and incorporation of the MBs. Thus, our technique avoids any issues that would arise using other protein analytical approaches, especially in analyzing proteins of similar size, charge, or hydrophilicity.
The advantages of using a nucleic acid based-readout for other molecular species has also been demonstrated in several antibody-based protein detection techniques, such as in immuno-PCR (Niemeyer et al. 2005; Sano et al. 1992) , immuno-RCA (Schweitzer et al. 2000) , and the proximity ligation assay (Gullberg et al. 2004) . Multianalyte approaches using these techniques have also been demonstrated (Fredriksson et al. 2007; Joerger et al. 1995; Schweitzer et al. 2002; Schweitzer et al. 2000) . In each of these cases, the antibody must be conjugated with the DNA for use in the assay. This serves as an advantage of our approach, in which the affinity reagent can be amplified directly without the need for conjugation to another species. It is, however, important to note that our current detection limits do not reach those of these amplified, antibody-based approaches. We feel that this is a reflection of the affinities of the aptamers for their targets. The aptamers used in this work do not have the affinity for their targets of the antibodies used for protein recognition in other approaches. As it is known that aptamers with affinities comparable to antibodies have been generated with both natural and modified nucleotides (Hermann and Patel 2000; Keefe and Cload 2008) , we expect to be able to overcome this limitation. With improved affinities, we anticipate being able to enhance the stringency of our binding, blocking, and washing conditions to improve our sensitivity, especially in complex backgrounds such as sera.
Conclusions
In this study, a novel technique for parallel protein measurement using dual-aptamer recognition was developed. Simultaneous and quantitative detection of thrombin and platelet derived growth factor (PDGF-BB) was achieved with good specificity and reproducibility in both buffered solutions and a serum background. We have demonstrated that the technique is flexible and has the potential for straightforward customization to sets of proteins, depending on the availability of aptamer pairs for each protein and their specificity and compatibility. The sensitivity and dynamic response of the approach warrants further selection and characterization of aptamer pairs and their use in the described approach.
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Fig. 1. Dual-aptamer detection schematic
Thrombin and PDGF-BB are represented by triangles and double-ellipses, respectively. The sensing aptamers (MB-T, MB-P) containing thrombin aptamer (Apt 1A) and PDGF-BB aptamer (Apt 2A) are each labeled with an MB tag (MB1 and MB2) and flanked by a pair of universal primers (5′p and 3′p). Capture aptamers (Bio-T and Bio-P) containing thrombin aptamer (Apt 1B) and PDGF-BB aptamer (Apt 2B) are biotinylated to be attached to streptavidin-coated magnetic beads. Oligo(dT)s are used as the spacer between the aptamer sequences and the beads. After separation, eluted sensing aptamers are amplified by multiplex PCR and quantified. Control or target protein samples were added to binding buffer containing 250 nM MB-T, 500 nM Bio-T, 50 nM MB-P and 500 nM Bio-P. After binding and separation, eluted sensing aptamers were amplified with universal primers for 20 cycles. PCR products were separated by acrylamide gel and detected by gel staining. Higher bands are the products from amplification of the PDGF-BB and thrombin sensing aptamers. Remaining primers run to the bottom of the gel. Lane 1: Buffer; Lane 2: 333 nM thrombin; Lane 3: 333 nM PDGF-BB; Lanes 4-6: both thrombin and PDGF-BB at 33, 100 and 333 nM from left to right; Lanes 7-10: haptoglobin, fibrinogen, C-reactive protein and lysozyme each at 333 nM. Image contrast was adjusted to reduce background. Both sets of aptamer pairs were added with serial dilutions of protein mixtures containing both thrombin and PDGF-BB. After binding, separation, and elution, eluted sensing aptamers were amplified with qPCR using template specific primers. (* and # denote C t values significantly lower than background for thrombin and PDGF-BB, respectively (p < 0.01)). Lower detection limits were 330 pM and 3.3 nM for thrombin and PDGF-BB, respectively. Both pairs of aptamers were added to serial dilutions of PDGF-BB in the absence or presence of thrombin (top) or to serial dilutions of thrombin in the absence or presence of PDGF-BB (bottom). After separation, eluted sensing aptamers were amplified with universal primers and read out using electrophoresis. All four aptamers were used at 500 nM concentration to assess how much cross reactivity occurred at high aptamer concentrations. Little cross-reactivity was seen in either case.
Fig. 5. Correlation of various analyses
Multiplex C t values derived in buffer or serum samples were plotted against the C t value derived from singleplex experiments in buffer for thrombin (a) and PDGF-BB (b).
